Abstract Topological insulators are insulating in the bulk but have metallic surface states. Its unique physicochemical properties can find numerous applications in electronics, spintronics, photonics, the energy sciences, and the signal control of transportation. We report an experimental approach to synthesize the high-quality single crystal of topological insulator Bi 2 Te 3 by using self-flux method. We obtained the optimal preparation conditions by adjusting the parameters of heat treatment, and successfully prepared the single-crystal Bi 2 Te 3 sample. The as-grown samples have a surface with bright metallic luster and are soft and fragile. Furthermore, Bi 2 Te 3 has the obvious layer structure from SEM results. The data of X-ray diffraction and scanning electron microscope show that Bi 2 Te 3 single crystal grows along the c-axis with the order of Te
Introduction
Topological insulators (TIs) are a new class of quantum states of matter with topologically protected conducting surface states, arising from the topology of the bulk electronic band structure [1] [2] [3] . They are insulating in the bulk but possess metallic surface states protected by timereversal symmetry [4] . The surface structure is composed of single Dirac cones, and belongs to the Dirac particles system [5] . The carrier can be transmitted in the surface without scattering and energy loss. The topological surface states are gapless, and ambipolar conduction in the gate voltage tuned devices is taken as a signature of TI surface transport [6] . Because of these features, TI materials have great application prospects in the field of transistors, storage devices, magnetic sensors, and energy efficient products. Three-dimensional TIs including Sb 2 Te 3 , Bi 2 Se 3 , and Bi 2 Te 3 are also excellent thermoelectrics, which have been intensively investigated for optimized thermoelectric performance in the recent decades [7, 8] . The theories and experiments have successively confirmed that they have large bulk band gap and single Dirac cone surface states [9] [10] [11] [12] . They have quickly become a hot spot in the study of topological insulator material. The topological characteristic of Bi 2 Te 3 was predicted by first-principles calculation and analysis of the model in Ref. [10] and observed by the angle-resolved photoemission spectroscopy (ARPES) [12, 13] . The Fermi surface (FS) is the shape of the snowflake-like. The Bi 2 Te 3 single crystal was predicted to be a bulk insulator, and the electron carriers were observed in experiment to arise from crystal imperfections, specifically vacancies and defects [12] . It is found that increasing Se concentration effectively suppresses the bulk carrier transport and induces semiconducting behavior in Bi 2 (Te 1-x Se x ) 3 . An ambipolar field effect from the gapless surface states was observed in Bi 2 (Se 0.8 Te 0.2 ) 3 [14] .
The single crystal along the c-axis can greatly improve the speed of computer chips and efficiency. Using existing semiconductor technology, this kind of material can allow electrons to move on the surface without energy consumption at room temperature, so the application of this chip to modern transportation will lead to a leap.
Early by directional solidification method and the method of zone melting method prepared Bi 2 Te 3 single crystal or columnar crystals; commercial production is also using these methods. Bi 2 Te 3 as thermoelectric material was prepared by hot pressing method [16] , the SPS (spark plasma sintering) method [17] , hot extrusion method [18] , solvent method [19] , and so on. The samples with irregular polyhedron did not show the structural characteristics and contained an impurity phase [15] . Recently, the topological property of Bi 2 Te 3 has been confirmed [12, 13] . In order to better study the bizarre properties of the TIs, we need the high-quality single-crystal material. So we have done many times trials according to the structure characteristics of Bi 2 Te 3 single crystal with the self-flux method. To try and improve the process of proportioning, sample preparation, sintering, testing, etc., we summarize an optimization method of preparation of Bi 2 Te 3 single crystal of highquality material.
Experimental
High-purity elemental Bi (99.999 %) and Te (99.999 %) were used for the Bi 2 Te 3 crystal growth. Bi and Te mixed with a molar ratio of 2:3 were fully grinded in glove box filled with argon at least 2 h, enclosed into evacuated quartz tubes, and then in heat treatment with the process of Fig. 1 . We design three groups of Bi 2 Te 3 samples (see Table 1 ). The first group (H-750-H-850) is to change the highest temperature in the range of 750-850°C, and keep heating time, quenching temperature, cooling rate unchanged; the second group (Q500-Q580) is to change quenching temperature from 500 to 580°C, and keep other conditions unchanged; the third group(C-4-C-6) is only to change cooling rate.
The crystal structure was studied by powder X-ray diffraction (XRD) using an X'Pert MRD diffractometer with Cu Ka radiation. All observed reflections were indexed.
Lattice constants were determined from LeBail refinements. Microstructure and composition of the sample were analyzed using a field emission scanning electron microscope (FESEM) equipped with an energy dispersive X-ray analysis (EDX). Resistivity measurements were performed with a physical property measurement system (PPMS, Quantum Design). Bold values indicate differences of the heat treatment processes (0015), (0018), and (0021) distributed in the about 17.5°, 44.5°, 54.5°, and 64.5°, respectively. Calculating the cell parameters of every sample based on each of the main peak of sample, we draw out the curve of cell parameters c with temperature (see Fig. 2b , d, f). Bi 2 Te 3 single crystal grows along the c-axis, so we only consider the value of the c. Figure 2b, d show that the value of c increases gradually with the highest temperature and the quenching temperature gradually; Fig. 2f shows that c value decreases with the increase of cooling rate.
Results and discussions
According to the standard PDF card, we can know that the Bi 2 Te 3 lattice parameters are a = b = 4.3852 and c = 30.4830 Å [20] . In Fig. 2b, d , f, c = 30.48 Å corresponds to the highest temperature 810°C, quenching temperature 560°C, and the cooling rate 4.4°C/h.
We have got the sample of Bi 2 Te 3 with the highest temperature 810°C, quenching temperature 560°C, and the cooling rate 4.4°C/h. Figure 3 shows XRD pattern of the powder and single crystal as-grown samples Bi 2 Te 3 . After the Bi 2 Te 3 standard pattern contrast, the vast majority of the main peak marked in the picture can better match with standard pattern, indicating that the high-purity Bi 2 Te 3 sample was obtained. The single-crystal sample only has (00L) peaks (L is 3n). It grows along the c-axis with the order of Te (1) -Bi-Te (2) -Bi-Te (1) and crystallizes in the hexagonal system with space group of R/3 m. We calculated lattice parameters by taking the five strong peaks' interplanar distances d (Table 2) It can be seen from Fig. 4a that the sample surface has a bright metallic luster; there is an obvious hierarchical structure, and the surface is relatively flat. Figure 4b is EDX spectrum picture of Bi 2 Te 3 , Bi(L) and Te (M) in weight percentage of 52.82 % and 47.18 %, and the atomic percentage of 40.61 % and 59.39 %, respectively. In this sample, the atom ratio of Bi and Te was close to 2:3, Bi slightly excess. These results also deviated in component the stoichiometric ratio. It is consistent with the Bi-Te alloy phase diagram. Figure 5a shows the resistance dependence of temperature curve of the Bi 2 Te 3 with the magnetic field parallel to the c-axis, and it can be seen that the sample shows metallic behavior over the whole temperature range. The values of resistances increase gradually with the temperature and the intensity of the applied magnetic field. The entire curves have the same variation trend. We did not observe any induced insulators conduction or abnormal behavior due to the additional magnetic field. The tiny fluctuation of the resistance is found near 50 K. Figure 5b is the curve of the resistances dependence of the magnetic field parallel to the c-axis at T = 5 K. The values of resistances increase gradually with the applied magnetic field. At the high field, the curve of R versus H is linear. However, it deviates from the straight line at the part of the low filed. The linear variation law of the magnetic resistance may be associated with the surface state of TI. At low field the magnetic resistance deviates from the linearity, which may be associated with the weak anti-localization (WAL). 
Conclusions
We prepared the high-quality single-crystal synthesis of TI Bi 2 Te 3 with the self-flux method. By controlling single variable and adjusting the parameters of heat treatment, we determined the optimal conditions for the highest temperature 810°C, the quenching temperature 560°C, and the cooling rate 4.4°C/h. Bi 2 Te 3 single crystal prepared under this condition has smooth surface with bright metallic luster and obvious layered structure, showing metallic behavior over the temperature range 7-300 K. At low temperature, the resistance increases as additional magnetic field increase, and shows linear magnetic resistance behavior in the high field.
